Heat dissipation from a nanoscale hot-spot is expected to be non-diffusive when a hot-spot is smaller than the phonon mean free path of the substrate. Our technique of observing diffraction of coherent soft x-ray pulses allows for very high resolution (~pm) of thermally-induced surface distortion, as well as femtosecond time resolution of dynamics. We successfully model our experimental results with a diffusive transport model that is modified to include an additional boundary resistance. These results confirm the importance of considering ballistic transport away from a nanoscale heat source, and identify a means of correctly accounting for this ballistic transport.
INTRODUCTION
As the scale of functional, dissipative systems shrinks to significantly smaller than the mean-free-path (Λ) of phonons in a material, thermal transport is no longer diffusive [ 1 ] . This transition to ballistic thermal transport has been experimentally demonstrated in a variety of nanostructures including superlattices [2] , carbon nanotubes [3] , and silicon nanowires [4] . In these cases of transport in a confined medium, the transition to ballistic transfer arises because phonon transport is limited by the nanostructure boundaries. In ballistic transport the phonon mean free path is limited to the structure size L because phonon scattering occurs at boundaries [5] ; this reduction in Λ from the bulk value causes a decrease in the thermal conductivity k = CvΛ/3.
Heat dissipation from a nanoscale hot-spot into a substrate-the nanoscale heat-sink problem-is of particular relevance to many technologies such as nanothermal therapy, thermoelectric conversion, and heat-sinking in microcircuits. Unlike ballistic transport inside of a nanostructure, decreasing the hotspot size does not directly shorten Λ in the substrate. However, there may still be a significant ballistic effect due to the breakdown of Fourier/diffusive transport at length scales smaller than Λ: the Fourier law for diffusive transport assumes local thermal equilibrium at every point, which requires phonon scattering events. When the source size is much smaller than Λ, this assumption is no longer valid because the Fourier law predicts temperature gradients that change (non-physically) over a length scale smaller than the phonon mean free path [6] . While some theory and modeling work has considered this problem [7, 8] , it has not been studied experimentally because of both the small length and short time scales involved. Past work using steady-state electrical measurements indicate small or zero nano-bulk ballistic effect [9] .
In this work, we apply a new technique of time-resolved coherent soft x-ray diffraction to experimentally study this nanoscale heat-sink problem. In our experiment, nanopatterned nickel lines are impulsively heated by a near-infrared laser pulse from a Ti:Sapphire laser amplifier, and the thermal expansion and subsequent cooling are observed interferometrically, by monitoring the diffraction of a soft x-ray probe beam from the nanostructured surface. These coherent soft x-ray pulses allow for very high resolution (~pm) of surface distortion, as well as femtosecond time resolution capable of observing fast dynamics. We successfully model our experimental results with a diffusive transport * msiemens@du.edu model that is modified to include an additional boundary resistance. This resistance characterizes the error of the diffusive model and is proportional to the Knudson number (K = Λ/L). These results confirm the importance of considering ballistic transport away from a nanoscale heat source, and identify a simple correction accounting for this ballistic transport.
SAMPLE SPECIFICAITONS AND PREPARATION
Samples providing a localized nanoscale heat source of a tunable size were required for a clear observation of the breakdown of the Fourier law for nano-bulk phonon transport. For this purpose, we prepared nickel nanoline samples on transparent substrates, as shown in Fig. 1 . This configuration allowed for controlled and localized ultrafast heating; when exposed to a laser pump pulse, the transparent substrate was unaffected while the nickel lines absorbed the laser light, rapidly heating and then slowly cooling to the substrate. Experiments studying nano-bulk thermal transport away from a single wire, while technically possible using soft x-ray probing using dynamic Gabor holography, are experimentally challenging. For this reason, we chose to start with samples composed of a regular array of nickel lines with a duty cycle of 25% (linewidth L, center-to-center spacing 4L).
Periodic arrays of 20 nm high nickel lines were patterned with linewidths L ranging from 65 nm to 2000 nm using electron-beam lithography and liftoff procedures. We prepared samples on two substrate materials in which we expected to see different transport phenomena: sapphire has a very long phonon mean free path (Λ Sa~1 20 nm at room temperature) so non-diffusive transport was expected for nickel linewidths smaller than ~100 nm, while phonons in fused silica have a very short mean free path (Λ FS~1 nm at room temperature) so diffusive transport is expected for all structures. 
EXPERIMENT: OPTICAL PUMP, SOFT X-RAY PROBE
Thermal transport away from the nickel nanolines was studied using a pump-probe technique shown in Fig. 2a , in which laser heating from ultrafast pulses at a wavelength of 800 nm was probed by even shorter soft x-ray pulses at a wavelength of 29 nm. An ultrafast laser amplifier generating 2 mJ, 25 fs pulses at a repetition rate of 2 kHz and a wavelength of 800 nm was the source of both beams. Part of the 800 nm light from the amplifier was used as the pump pulse, which was sent through a mechanical time delay stage and then focused onto the sample for impulsive laser heating. The pump fluence of 2 mJ/cm 2 was in a relatively large spot size 700 µm in diameter so that the probed area would be uniformly heated. The rest of the laser light from the amplifier was coupled into a hollow waveguide filled with Argon gas for high-order harmonic generation (HHG) of the 29 nm probe beam [10] . The resulting soft x-ray pulses were then focused onto the sample with a glancing-incidence toroidal mirror and a CCD camera recorded their diffraction from the grating formed by the nickel lines on the sample. Unlike optical pump-probe measurements of thermal transport, where the signal is based on the temperature-dependence of the optical reflectivity [11] , soft x-ray probe light is insensitive to thermal changes in the reflectivity of the sample. Instead, the signal we observe is due to thermal expansion and subsequent surface displacements; these interferometric measurements are possible because of the full spatial coherence of the soft x-ray light generated in the HHG process [10] . This change in the "height" of the nickel lines changes the interference condition between probe light reflecting from the lines vs the substrate surface, leading to a change in the diffraction intensity. One of the primary advantages of this interferometric technique is the short probe wavelengths involved: because we are using a wavelength ~20× smaller than optical wavelengths, the technique is sensitive to surface displacements smaller than 1 picometer [12] .
In the experiment, the delay time between pump and probe was stepped while diffraction spectra were recorded both when the pump beam was "on" and "off"; the result is a time dependent scan of the pump-induced change in diffraction. Scans were performed on samples with linewidths ranging from 65-2000 nm; typical results are shown for a variety of samples in Fig. 3 . The soft x-ray diffraction difference scans have a few characteristic features in common: 1) a sharp rise at time t = 0 indicating the arrival of the impulsive pump beam and subsequent photon-electron-phonon coupling that causes thermal expansion and an observed change in diffraction; 2) a decaying oscillatory component due to surface acoustic wave excitation and subsequent propagation in the sample [13] ; and 3) a slow decay corresponding to the transfer of heat from the nickel nanowires into the substrate [14] . 
RESULTS AND DISCUSSION
We fit the dynamic diffraction difference data in Fig. 3 to a model including thermal diffusion and expansion and the subsequent effect on the soft x-ray diffraction pattern. The fits yield the effective interface resistance r Interface , which includes the traditional thermal boundary resistance r TBR measured at thin film-substrate interfaces, as well as a ballistic correction component r BC accounting for any error in the diffusive Fourier law used to model the data; in general, r Interface = r TBR + r Ballistic . The ballistic correction component to the effective interfacial resistance is negligible when the Fourier law is valid (i.e. when L >> Λ), so r Interface = r TBR for large linewidths or small mean free paths.
The results of the analysis for both fused silica and sapphire substrates are shown in Fig. 4 . It is clear from Fig. 4a that no ballistic correction factor is needed to explain nano-bulk transport in a fused silica substrate; this is reasonable because Λ FS ~ 1 nm, much smaller than the smallest structures used in these experiments. This is not the case in sapphire, where a significant correction factor is observed that grows larger for smaller linewidths; the long Λ ~ 120 nm suggests that the Fourier law will break down for nano-bulk thermal transport away from nanolines with L ~ 120 nm, in keeping with the experimental data. Our measurements can be explained by a minimum heated region model (illustrated in Fig. 5 ), which suggests that thermal transport away from small hotspots can be explained by diffusive processes if the length scale of the heat source is considered to be larger than the phonon mean free path; i.e. L effective → L + Λ. This suggests that the ballistic correction resistance r Ballistic Λ/L, which is the experimental dependence we observed for Λ = 120 nm in the red dashed line and Λ = 2 nm in the blue dashed line in Fig. 4 . The fact that this ballistic correction factor matches the expected phonon mean free path in both materials is strong evidence for the minimum heated region model. Intuitively, this means that heat flow from a hotspot smaller than Λ in the substrate should be understood as coming from a larger size equal to the phonon mean free path in the substrate. Figure 5 : Illustration of nano-bulk thermal transport in the diffusive and ballistic cases. When the size nanoscale hotspot L is larger than the phonon mean free path Λ, transport away from the hotspot is characterized by the hotspot size. However, when L < Λ, transport is characterized by the phonon mean free path length, independent of the hostpost size. This picture of nano-bulk transport is consistent with the minimum heated region model, and it specifies a limit on heat-sinking efficiency of small hotspots beyond the predictions of the Fourier law.
CONCLUSION
Using soft x-ray pulses as an ultrafast, interferometric probe, we perform the first direct and systematic measurement of quasi-ballistic nano-to-bulk thermal transport dynamics. We observe the breakdown of conventional Fourier heat conduction from hotspots smaller than the phonon mean free path in the substrate and demonstrate that an extra sizedependent resistance proportional to the Knudsen number Λ/L is required to correct for non-diffusive transport phenomena unexplained by the Fourier law. In the future, these results should be extended to observe transport further into the ballistic regime by studying smaller structures or substrates with even longer phonon mean free paths (Λ Silicon = 250 nm at room temperature). The results of these experiments and are important for reliability and performance design of nanodevices that generate heat, such as transistors, thermoelectrics, and photovoltaics.
